During the state of active sleep (AS), Clarke's column dorsal spinocerebellar tract (DSCT) neurons undergo a marked reduction in their spontaneous and excitatory amino acid (EAA)-evoked responses. The present study was performed to examine the magnitude, consistency of AS-specific suppression, and potential role of classical inhibitory amino acids GABA and glycine (GLY) in mediating this phenomenon.
Based on rudimentary evoked potential studies performed in the late 1960s, it has been casually accepted that ascending sensory neurotransmission from the lumbar spinal cord is attenuated during desynchronized (active) sleep (AS) (Carli et al., 1967) . Indeed, recent experimental human studies indicate that somatosensory processing is diminished during sleep, particularly AS (Nielsen et al., 1993; Symons, 1993; Lavigne et al., 2000) . Presumably, this fundamental state-dependent phenomenon occurs on a daily basis throughout an individual's normal healthy life span, and yet its neurobiological basis and aberrant manifestations remain poorly understood.
Few investigations have used chronic recording techniques to monitor the activity of individual lumbar sensory neurons in an effort to unravel which sensory pathways and brain mechanisms are involved. In this regard, the activity of Clarke's column dorsal spinocerebellar tract (DSCT) neurons, which constitute a major spinal cord sensory pathway conveying an array of proprioceptive as well as exteroceptive afferent signals to the cerebellum (Walmsley, 1991; Bosco and Poppele, 2001 ) and thalamus (Johansson and Silfvenius, 1977) , have been recently monitored during the sleep-wake cycle.
During AS, spontaneous and excitatory amino acid (EAA)-induced transmission through the DSCT is markedly attenuated when compared with wakefulness or quiet sleep (Soja et al., 1995 (Soja et al., , 1996 (Soja et al., , 2001b . Both dynamic presynaptic and postsynaptic inhibitory processes were suggested to underlie AS-specific suppression. Alternatively, withdrawal of supraspinal facilitatory influences and/or a passive disfacilitation of excitatory muscular afferent input that is secondary to postsynaptic inhibition of motoneurons, during natural AS (Chase et al., 1989; Soja et al., 1991) also could account for the suppression of DSCT neuron activity. Experiments designed to assess whether putative inhibitory neurotransmitters likely to cause dynamic presynaptic and postsynaptic inhibition in the spinal cord are released in the vicinity of DSCT neurons during natural AS are required to support the dynamic inhibition hypothesis and are prerequisite to elucidating the neural pathways underlying the behavioral statespecific reduction of sensory throughput to higher brain centers.
Glycine (GLY) and GABA are classical inhibitory neurotransmitters in the mammalian spinal cord. In particular, DSCT neurons possess defined substrates for presynaptic and postsynaptic inhibition mediated by GABA and/or GLY (Jankowska and Padel, 1984; Curtis et al., 1986; Walmsley et al., 1987; Maxwell and Riddell, 1999; Watson and Bazzaz, 2001 ). Accordingly, we compared the magnitude of AS-specific suppression of spontaneous and EAA-induced spike activity of individual DSCT neurons in the absence, presence, and recovery from the juxtacellular microiontophoretic administration of the GABA A receptor antagonist bicuculline (BIC) or the GLY receptor antagonist strychnine (STY).
These inhibitory amino acid antagonists blocked suppression of DSCT neuron activity. indicating that, during AS, GABA and GLY are released in the vicinity of DSCT neurons. Dynamic presynaptic and postsynaptic inhibitory processes involving classical inhibitory neurotransmitters underlie the behavioral statespecific inhibition of Clarke's column DSCT lumbar sensory tract neurons.
MATERIALS AND METHODS

Surgical procedures
All experimental procedures reported herein were performed on a total of three adult cats and complied with national and international (C anadian Council on Animal C are, 1993; National Research Council, 1996) and institutional (University of British Columbia Animal C are Committee) guidelines. E xperiments were performed on intact, unanesthetized cats. Under deep gaseous anesthesia (45-60% N 2 0 in 1.5-2.5% halothane -oxygen mixture), the animals were implanted with head and lumbar restraining devices. Electrodes were implanted into the frontal sinus [electroencephalogram (EEG)], lateral geniculate nucleus of the thalamus [pontogeniculo-occipital (PGO) wave activity], the orbital plate [electro-oculogram (EOG)], and neck muscles [electromyogram (EMG) ]. Through the use of these electrodes, each animal's behavioral states of wakef ulness and sleep could be determined.
A complete recovery over a 3 month period was required before any recordings from DSC T neurons were performed. This prolonged recovery period minimized any alterations in sleep cycles and /or change in neuronal excitability that might occur with shorter recovery periods (Soja et al., 1995 (Soja et al., , 1999 (Soja et al., , 2001b . Procedures for surgical implantation, the gradual adaptation to painless head and lumbar restraint during the latter half of the 3 month recovery period, identification of sleep -wake states, and antidromic identification of spinal projection neurons in the chronic intact cat have been previously described in detail (Soja et al., 1995 (Soja et al., , 2001a . Each preparation readily cycled between sleep and wakef ulness during each experimental recording session, which typically lasted between 5 and 6 hr. Recording sessions were performed over 4 consecutive days/ week (Soja et al., 1996) . DSC T neuron activity was recorded over multiple sleep cycles (SC). Each SC consisted of the following states: wakef ulness, AS, and awakening from AS (RW). Electrophysiological criteria for determining states of W, AS, and RW were identical to those reported in detail previously (Soja et al., 1995 (Soja et al., , 1996 (Soja et al., , 2001b .
Antidromic identification procedures
L ow-intensity search stimuli (0.05 msec, 0.5 Hz, 100 -300 A) were applied to a "floating" stimulating electrode that was stereotaxically positioned within the anterior cerebellar lobule (Fig. 1 A) to "backfire" DSC T neurons using conventional criteria (i.e., constant latency, collision between spontaneous and antidromically propagated spikes, and high-frequency following) (Soja et al., 1995 (Soja et al., , 1996 . All DSC T neurons reported herein satisfied these criteria for antidromicity (Fig. 1 B) . Antidromic search stimuli or drug microiontophoresis did not cause any indications of arousal, EEG desynchronization, or interfere with the animal's normal cycling between sleep and wakef ulness.
Microiontophoresis procedures
Seven-barrel coaxial glass micropipettes were positioned in C larke's column at the L 3 spinal cord segment for extracellular unit recording and simultaneous juxtacellular drug microiontophoresis ( Fig. 1 A, magnified box enclosure). The central carbon fiber-containing recording barrel was surrounded by six barrels filled with glutamate (GLU) (0.5 M), pH 8.0, or AM PA (0.01 M), pH 8.0, inhibitory amino acid agonists GABA and GLY (both 0.5 M), pH 3.5, inhibitory amino acid antagonists bicuculline methiodide (BIC) (0.02 M), pH 4.0, strychnine sulfate (STY) (0.1 M), pH 5.0, or sodium chloride (NaC l) (4 M). All drugs used for microiontophoresis were dissolved in distilled water and were obtained from Sigma (St. L ouis, MO). Negative currents (in nanoamperes) were applied to the GLU and AM PA drug barrels to eject excitatory agents. GABA, GLY, BIC, and STY were ejected using positive currents (see Results). Retention currents (10 nA) of opposite polarity used for ejection were continuously applied to each drug barrel to minimize spontaneous leakage. Automatic current neutralization procedures were performed using a drug barrel containing 4 M NaC l during drug microiontophoresis (Soja et al., 1996) .
Data collection and analyses
Spontaneous spik e activit y. Spontaneous spike activity during wakef ulness and sleep states were analyzed using Spike 2 software, version 3.2 (C ambridge Electronic Design, C ambridge, UK) and methods previously described (Soja et al., 2001b) . Briefly, the average spontaneous firing frequency (in spikes per second) was calculated for each neuron using 1 min epochs of spike activity during each behavioral state within each SC. Data obtained from the state of W was compared with data obtained during the middle portion of AS and subsequent episode of RW. In accordance with previous work from our laboratory, only those DSC T neurons that underwent Ͼ15% decrease in firing rate during AS when compared with W were tested f urther using either protocol 1 or 2 below, (Soja et al., 1996) . The average spike rate for individual neurons was calculated during W, AS, and RW in each SC. The magnitude of AS-specific suppression of spontaneous spike activity from DSC T neurons was determined by the following formula: 100 Ϫ [(mean firing rate {spikes/sec} during AS/mean firing rate during W) ϫ 100)]. The absolute and relative group mean (Ϯ SEM) changes in spontaneous spike activities were tabulated (Tables 1, 2 ).
E xcitator y amino acid-evok ed spik e activit y. GLU-and AM PA-evoked responses were quantified according to procedures outlined by Soja et al. (2001b) . Briefly, for each DSC T neuron, consecutive responses to GLU (10 -15 sec ejection epoch, 20 sec intervals) or AM PA (6 sec ejection epoch, 60 sec intervals) were plotted as perievent histograms (bin width, 1 sec) around drug ejections using a computer subroutine written for Spike 2 software. GLU-or AM PA-evoked perievent histograms were compiled as the computer average of 4 (AM PA) or 5 (GLU) responses from each corresponding episode of W, AS, and RW. For each averaged GLU response, spike rate values (in spikes per second) were determined during the 10 sec period immediately preceding the onset of GLU ejection and the last 10 sec around the peak during GLU ejection. The magnitude of GLU-evoked responses was then determined by subtracting average spontaneous spike activity values from average values during GLU. AM PA-evoked responses were prolonged and relatively weak when compared with GLU responses (see Results). Accordingly, the magnitude of AM PA-evoked responses was determined in a similar manner to GLU responses, except that the average spontaneous spike activity values were subtracted from corresponding average values 10 sec after the cessation of AM PA ejection currents. Finally, for each cell, the magnitude of AS-specific suppression of EAA-evoked responses was determined by the following formula: 100 Ϫ [(GLU response during AS/GLU response during W)] ϫ 100. The absolute and relative group mean (Ϯ SEM) values in spontaneous and EAA-evoked spike activities were tabulated (Table 3) .
Experimental paradigms
T wo experimental paradigms were used in this study. In each paradigm, multibarrel recording micropipettes were lowered in vertical tracts directed at C larke's column 0.25-0.5 mm lateral to the midline of the spinal cord. Paradigm 1. In the first paradigm, each identified DSC T neuron was recorded with a coaxial multibarrel pipette and served as its own control over multiple SC s (Fig. 2 A) . The rationale here was to examine the consistency of AS-specific suppression of DSC T neuronal spontaneous firing rate from one SC to the next. Consistent firing rates across each respective behavioral state in each sleep cycle would indicate stable reproducible inhibition and adequate drug retention in adjacent drug barrels.
Paradigm 2. A second paradigm (Fig. 2 B) was used to assess the pharmacological basis for AS-specific suppression of DSCT neuronal activity. Here, the magnitude of AS-specific suppression of spontaneous spike activity of DSCT neurons was determined in SC1-control. AS-specific inhibition in SC1-control was then measured and compared with that obtained in SC2-test in the presence of the antagonist ejected microionotphoretically. Previous studies have found that the firing rate and pattern of DSCT neurons does not differ between wakefulness and quiet sleep or subsequent awakening from AS (Soja et al., 1995 (Soja et al., , 1996 . Accordingly, in the present study, drug microiontophoresis was always performed in SC2-test during either wakefulness or quiet sleep before AS.
Inhibitory amino acid antagonists BIC and /or STY were ejected continuously in a sustained manner using ejection currents that provided a complete blockade of the appropriate GABA-or GLY-induced inhibition of spontaneous spike activity. Once this was confirmed, ejection of the antagonist was maintained continuously throughout the AS period for SC2-test. This approach provided concentrations of BIC or STY sufficient to affect synaptic inhibition at distal sites of the large multipolar DSC T neurons (Walmsley, 1991) of C larke's column in a manner applied for motoneurons (Chase et al., 1989; Soja et al., 1991) .
After completion of SC2-test, the antagonist ejection was terminated and the cells' firing rate monitored again throughout SC3-recovery to ensure that AS-related suppression had returned following drug microiontophoresis (Fig. 2 B) . A maximum of two DSC T neurons were recorded in this manner over multiple SC s on any given day of the 4 consecutive day recording period.
Statistical analyses
Significant differences in the spontaneous and GLU-or AM PA-evoked spike rate of DSC T neurons during W, AS, and RW across multiple SC s were determined by the use of a repeated measures ANOVA test and A, Spike activity from Clarke's column (CC) DSCT neurons in the L 3 spinal cord segment was recorded using a seven-barrel glass micropipette that allowed microiontophoretic juxtacellular ejections of excitatory and inhibitory amino acid agonists and antagonists. The boxed enclosure illustrates a magnified portion of the spinal gray matter highlighting known synaptic linkages from primary afferent neurons (DRG) to DSCT neurons. DSCT neurons also receive inputs from local inhibitory interneurons (Hongo et al., 1983; Rudomin et al., 1990) . The question mark indicates that such interneurons may mediate AS-specific suppression of DSCT neurons. Finally, DSCT neurons also receive excitatory input from Ia afferent terminals via collateral branches of parent axons projecting to L6 -L7 motoneuron pools. B, Antidromic criteria used to confirm that recorded neurons in the L 3 segment projected to the cerebellum: ( 1) constant, invariant latency after threshold stimuli applied to the stimulating electrode in the cerebellum, ( 2) the ability to follow high-frequency (500 Hz) trains of stimuli denoted by the trigger record under the bottom panel, and ( 3) collision (*) of spontaneously occurring action potentials, from afferent inputs, with those propagated antidromically from the cerebellum. Calibration: 50 V, 2 msec.
post hoc Dunnett's method test. In all cases, p Ͻ 0.05 was considered statistically significant. A paired Student's t test was used to assess statistical significance between control spontaneous firing rate during W in control versus drug-treated (BIC, STY) test conditions as well as the duration of AS episodes across animals or across SC s. p Ͻ 0.05 was considered statistically significant.
RESULTS
General characteristics of DSCT neurons
Experiments were performed on a total of 44 antidromically identified ( Fig. 1 B) DSCT neurons obtained from three cats, all of which displayed robust spontaneous spike activity during the state of wakefulness and suppression of spontaneous spike activity during AS. The group mean (Ϯ SD) antidromic latency measured 3.2 Ϯ 0.6 msec (range, 2.5-5.0 msec). The estimated mean axonal conduction velocity measured 77.3 Ϯ 11.2 m/sec. The average recording time for these cells was 3.4 Ϯ 0.6 hr (range, 2.0 -5.3 hr). Overall, we recorded DSCT neuron activity over a combined total of 129 SCs. The mean duration (Ϯ SD) of each active sleep episode measured 4.3 Ϯ 1.8 min (range, 0.5-9.2 min).
These observations are consistent with those of a previous study of DSCT neurons recorded across sleep and wakefulness (Soja et al., 1996) .
Reliability of AS-specific suppression
Control studies using a seven-barrel recording micropipette were initially performed on 10 DSCT neurons from two animals (n ϭ 5, cat #1; n ϭ 5, cat #2) to verify that the AS-specific suppression of spike rate could be observed repeatedly across multiple SCs in the presence of controlled retention currents applied to adjacent drug barrels. The paradigm involved recording ongoing spike activity from L 3 DSCT neurons through a minimum of three consecutive SCs (Fig. 2 A, Paradigm 1) and then comparing the magnitude of AS-specific suppression of spike rate between the three SCs. EAA responses were corrected for spontaneous activity (see Materials and Methods). Data from four cells excited by GLU (Ϫ90.7 Ϯ 32.2 nA; 10 sec, 20 sec intervals) and three cells excited by AMPA (Ϫ70.7 Ϯ 11.0 nA; 6 sec, 60 sec intervals) are combined and data expressed as in Tables 1 and 2 . Downward arrows represent percentage of decrease, whereas upward arrows represent a percentage of increase in spike activity. BIC and STY were administered separately in each cell in separate test SCs. AS-specific suppression of spontaneous and EAA-evoked responses measured 21.3 and 66.4%, respectively (*p Ͻ 0.05; ANOVA). After BIC (29.8 Ϯ 10.4 nA; 15.7 Ϯ 3.0 min), AS-specific suppression of these parameters was abolished. After STY (32.7 Ϯ 18.4 nA; 18.6 Ϯ 9.4 min), neither spontaneous activity nor EAA-evoked spike activity was suppressed during AS (p Ͼ 0.05; ANOVA).
the magnitude of suppression did not differ between each SC (SC1, 40.3%; SC2, 31.5%; SC3, 41.6%; p Ͼ 0.05, ANOVA) ( Table  1 ). The mean duration (Ϯ SD) of AS in each SC was also the same (SC1: 4.7 Ϯ 1.7 min; SC2: 4.1 Ϯ 1.9 min; SC3: 4.6 Ϯ 1.5 min; p Ͼ 0.05, ANOVA). Indeed, this pattern of consistent suppression was observed when the spike rate data from cats #1 and #2 were compared separately. For example, group mean spike rate (Ϯ SEM) for five cells in cat #1 decreased by 41.7% from 19.1 Ϯ 2.2 spikes/sec during W to 11.4 Ϯ 2.3 spikes/sec during AS in SC1, by 37.0% from 17.6 Ϯ 3.7 spikes/sec to 11.3 Ϯ 2.6 spikes/sec in SC2, and by 39.9% from 17.1 Ϯ 2.5 spikes/sec to 10.1 Ϯ 2.7 spikes/sec in SC3, respectively ( p Ͻ 0.01, ANOVA).
In cat #2, a similar reduction in mean spike rate was observed for 5 other DSCT neurons: a decrease by 40.5% from 22.7 Ϯ 3.1 spikes/sec during W to 13.6 Ϯ 2.3 spikes/sec during AS in SC1, by 31.8% from 23.6 Ϯ 3.5 spikes/sec to 17.0 Ϯ 3.8 spike/sec in SC2, and by 43.2% from 20.4 Ϯ 2.8 spikes/sec to 12.2 Ϯ 3.8 spikes/sec in SC3, respectively ( p Ͻ 0.01, ANOVA). Across each SC, there was no difference in the group mean spike rate during W and RW between cat #1 and 2 nor was there any difference in the magnitude of AS-specific suppression of spontaneous spike activity ( p Ͼ 0.05, ANOVA). The mean duration of AS in each SC did not differ ( p Ͼ 0.05, ANOVA) for cat #1 (SC1: 5.0 Ϯ 1.1 min, SC2: 5.2 Ϯ 1.4 min, SC3: 5.2 Ϯ 1.6 min) and cat #2 (SC1: 4.9 Ϯ 1.1 min, SC2: 5.1 Ϯ 1.1 min, SC3: 5.0 Ϯ 0.8 min).
As presented in Figure 5A , a plot of neuronal spike rate during W versus AS for each neuron revealed a distinct pattern of consistent AS-specific suppression across all three SCs and that there is minimal interanimal variability. These data provide a fundamental control for drug microiontophoresis experiments where the pharmacological basis underlying the AS-specific suppression of DSCT neuron activity could be determined reliably.
Pharmacology of AS-specific inhibition Spontaneous spike activity
The GABA antagonist BIC and/or the GLY antagonist STY were assessed for their ability to block the suppression of DSCT neuron activity during AS. This was accomplished in 27 DSCT neurons (n ϭ 10, cat #2; n ϭ 17, cat #3). The experimental paradigm taken in these particular experiments also required monitoring the activity of each cell over three consecutive SCs (Fig. 2 B, Paradigm 2) . SC1-control served as a control to establish baseline levels of AS-specific neuronal suppression. The second SC served as a test to assess AS-related suppression of DSCT neuron activity in the presence of sustained release of BIC and/or STY. Finally, the third SC served to determine the recovery of AS-specific suppression after the cessation of release of the inhibitory amino acid antagonists (Figs. 2 B, 4B1 , Table 2 ).
In these microiontophoretic experiments, the amount of BIC or STY ejected in SC2-test was assessed qualitatively for each neuron by adjusting ejection currents to achieve a complete selective blockade of neuronal inhibition produced by pulsatile release of the agonist GABA or GLY, respectively (Fig. 3) . Then, this ejection current was applied and maintained to eject the antagonist in a sustained manner throughout the next consecutive episode of AS in SC2-test. GABA and GLY inhibitions were terminated once selective blockade by BIC or STY, respectively, were confirmed. Indeed, for all cells examined with BIC (n ϭ 12, cats #2, #3) and STY (n ϭ 9, cat #3), GABA and GLY were ejected throughout the second SC in a pulsatile manner at regular intervals [mean GABA ejection current (Ϯ SD): 38.4 Ϯ 32.2 nA, 10 sec, 40 sec intervals; GLY: 40.8 Ϯ 44.2 nA, 10 sec, 40 sec intervals]. During the second SC, when BIC was ejected over an average time period of 14.9 Ϯ 5.9 min using an average ejection current of 34.3 Ϯ 25.8 nA, we measured a small (11.7%), albeit statistically significant ( p Ͻ 0.05), decrease in the AS-specific suppression of DSCT neuron spike rate compared with 38.1 and 33.0% AS-specific decrease in the first (control) and third (recovery) SCs, respectively (Table 2 ). For all cells tested with BIC, a plot of spike rate during W versus AS clearly indicated a shift toward the diagonal indicating reduced or no AS-specific inhibition in SC2-test when compared with SC1-control or SC3-recovery (Fig. 5B) .
Similar results were observed when the DSC T neurons tested with BIC were examined in each animal separately (cat #2, n ϭ 9 cells, cat #3, n ϭ 3 cells). For example, group mean spike rate (Ϯ SEM) for 9 cells tested with BIC (28.6 nA Ϯ 14.0, 13.7 min Ϯ 6.5) in cat #2 decreased by 34.3% from 24.9 Ϯ 4.7 during wakef ulness to 16.2 Ϯ 2.8 spikes/sec during AS in SC1-control ( p Ͻ 0.01, ANOVA), by only 8.5% from 33.5 Ϯ 5.4 to 29.6 Ϯ 5.4 spikes/sec in SC2-test ( p Ͻ 0.05, ANOVA), and by 33.0% from 28.0 Ϯ 3.3 to 18.9 Ϯ 3.3 spike/sec in SC3-recovery ( p Ͻ 0.01, ANOVA), respectively. In cat #3, comparable reduction in AS-specific suppression by BIC (15.9 nA Ϯ 8.2, 13.1 min Ϯ 2.4) was observed for three cells. Here, we observed a 49.6% decrease from 18.8 Ϯ 2.2 during W to 9.2 Ϯ 1.0 spikes/sec during AS in SC1-control ( p Ͻ 0.05, ANOVA), a 12.0% decrease from 26.5 Ϯ 3.5 to 23.4 Ϯ 3.9 spikes/sec in SC2-test ( p Ͼ 0.05, ANOVA), and by 33.6% from 25.9 Ϯ 2.0 to 17.0 Ϯ 0.10 spikes/sec in SC3-recovery ( p Ͻ 0.05), respectively. These data indicate that the GABA A antagonist BIC exerted very similar actions in blocking AS-specific suppression of DSC T neurons in each animal.
Propitious recording conditions in one animal (cat #3) allowed us to test the action of the GLY antagonist STY in blocking AS-specific suppression on nine DSCT neurons. Here, STY released juxtacellularly during SC2-test (59.8 Ϯ 34.0 nA; 14.1 Ϯ 8.3 min) also abated the AS-specific suppression of spike rate when compared against SC1-control and SC3-recovery. For these cells Figure 2 . Experimental paradigms designed to assess the consistency ( A) and pharmacological sensitivity ( B) to GABA antagonist BIC and/or GLY antagonist STY on AS-specific suppression of spontaneous spike activity. Paradigm 1 consisted of three SCs in which the animal shifted from W to AS, and when the animal subsequently awakened from AS (RW). AS-specific suppression of spontaneous spike activity, i.e., percentage of change in spike rate during AS versus W was compared in each SC. The magnitude of AS-specific suppression for 10 DSCT neurons was compared between three consecutive SCs (Table 1) . Paradigm 2 was used to assess the magnitude of AS-specific suppression before (SC1-control), during (SC2-test), and after (SC3-recovery) from the microiontophoretic administration of BIC and/or STY (Table 2) . tested with STY, the relative AS-specific decrease in spike rate in the second SC measured only 14.6% ( p Ͻ 0.05; n ϭ 9) compared with 37.2% and 26.1% in the first and third SCs, respectively (Fig.  4B3, Table 2 ).
Hence, a single inhibitory amino acid antagonist markedly reduced the AS-specific suppression of spike rate and only a small residual component remained. In six DSCT neurons, we continuously coapplied BIC (42.2 Ϯ 26.0 nA) and STY (71.9 Ϯ 29.8 nA) over 17.1 Ϯ 10.3 min and observed an abolition of the AS-related suppression of spike rate (Fig. 4 B4, Table 2 ). Indeed, during the second SC, there was a tendency for the spike rate of these cells to be enhanced rather than inhibited during AS in the presence of both antagonists. BIC (n ϭ 12; cats #2, 3), STY (n ϭ 9; cat #3), or both agents together (n ϭ 6; cat #3), also significantly enhanced DSCT neuronal firing rate during the state of wakefulness (Table 2) ( p Ͻ 0.05). A noticeable effect by BIC and STY in two neurons was a shift from regular firing spike pattern to a burst-pause pattern after sustained coadministration of these agents (Fig.  4 B4 ) . Frequency plots in Figure 5B -D depicting the spike rate observed during wakefulness versus AS in each of the three SCs for individually recorded DSCT neurons indicate that BIC and/or STY abolished or markedly reduced the difference in firing rate during AS versus wakefulness. This reduction in the difference of firing rate between AS and W was not simply the result of the increase in cell excitability exerted by these agents (e.g., frequency plots in Fig. 5D vs B,C) but rather as a blockade of GABA and GLY receptors activated during AS. Indeed, for those cells where baseline firing rates during wakefulness before and during BIC or STY did not differ, the blockade of AS-specific suppression was still clearly evident.
Excitatory amino acid-evoked activity
Spontaneous spike activity of DSCT neurons could arise from a number of sources, including primary afferent, intrasegmental, and supraspinal sources, and could be mediated by a variety of neurotransmitters (Myslinski and Randic, 1977; Pioro et al., 1984; Maxwell et al., 1990; McGonigle et al., 1996; Jankowska et al., 1997) . Anatomical and electropharmacological evidence exists that the neurotransmitter released specifically from group I muscle afferents to Clarke's column DSCT neurons is an excitatory amino acid, such as GLU (Maxwell et al., 1990; Walmsley and Nicol, 1991) .
We also performed experiments in two animals whereby DSCT neuronal excitation via glutaminergic neurotransmission from group I afferents was mimicked by controlled juxtacellular ejections of GLU and AMPA. Seven neurons were excited at regular intervals by juxtacellular microiontophoresis of the neural excitants GLU (n ϭ 4; cat # 2) and AMPA (n ϭ 3; cat #3). These excitatory agents were ejected in a pulsatile manner at regular intervals (GLU: Ϫ90.7 Ϯ 32.2 nA, 10 sec, 20 sec intervals; AMPA: Ϫ70.7 Ϯ 11.0 nA, 6 sec, 60 sec intervals). GLU-and AMPA-evoked responses were quantified (Soja et al., 2001b) , and the degree of AS-related suppression was determined before, during, and after the release of BIC or STY. For each of these cells, inhibitory amino acid antagonists were ejected in SC2-test using currents that reversed inhibition of EAA-evoked responses caused by the sustained release of the respective agonist GABA or GLY (data not shown; however, see Soja et al., 2001b, their Fig. 2 ). An example of AS-specific suppression of EAA-evoked responses before and during BIC or STY is illustrated in Figure 6 . Computer-averaged GLU-evoked responses decreased by 53% during SC1-control (Fig. 6 A1) , only 8.8% during sustained application of BIC during SC2-test (Fig. 6 A2) , and actually increased by ϳ11% when STY was administered throughout another test SC (Fig. 6 A3) . BIC and STY exerted similar effects on three other DSCT neurons.
In three additional DSCT neurons, AMPA was tested using ejection currents that were adjusted to yield excitatory responses that originated from spontaneous baseline rates (Ͼ15 spikes/sec) yet were submaximal leaving room for possible disinhibition by BIC or STY. Consequently, during wakefulness, DSCT neuron excitatory responses to regular microiontophoretic administration of AMPA were consistent from trial to trial, yet relatively weak and prolonged. This contrasts with the more punctate excitatory response of DSCT neurons during GLU microiontophoresis in this preparation.
Nevertheless, AS-specific suppression of AMPA-evoked responses was observed. As illustrated in Figure 6 B, computeraveraged AMPA-evoked responses decreased in one DSCT neuron by 19.4% in AS during SC1-control (Fig. 6 B1 , Control ) and were markedly increased by 25.3% during AS when BIC was ejected continuously (25 nA, 15.4 min) throughout SC2-test (Fig.   Figure 6 . BIC and STY effects on AS-specific suppression of EAA-induced excitations of DSCT neurons. Each trace is a computer-averaged perievent histogram (with sliding average) of a DSCT neuron to consecutive GLU (A, Ϫ86 nA, 10 sec, 20 sec intervals, 5 trials) or AMPA (B, Ϫ60 nA, 6 sec, 60 sec intervals, 4 trials) pulses applied during wakefulness, AS, and reawakening. Numbers over each perievent histogram represent the EAA-evoked response magnitude corrected for spontaneous spike activity (see Materials and Methods). Neurons were tested with BIC and STY in separate SCs. The control GLU response was suppressed by 53.0% during AS (A1, Control ). During the sustained release of BIC (40 nA, 17 min; A2, BIC), AS-specific suppression measured only 8.8% (A2, BIC) and was abolished after STY administration (30 nA, 21 min; A3, STY ). In another DSCT neuron, the control AMPA-evoked response during wakefulness was reduced by ϳ19% during AS (B1, Control ). In contrast, in the presence of BIC, the AMPA-evoked response was facilitated by ϳ25% during AS (25 nA, 15.4 min; B2, BIC). In the presence of STY (50 nA, 19 min; B3, STY ), AS-specific suppression was also abolished. Effects similar to A and B were obtained for five other DSCT neurons (GLU, n ϭ 3; AMPA, n ϭ 2). Spontaneous and EAA-evoked data from these seven DSCT neurons were combined and tabulated in Table 3. 6 B2, BIC, Table 3 ). In a subsequent SC, AS-specific suppression was abolished by STY (50 nA, 19 min) (Fig. 6 B3, STY, Table 3 ). BIC and STY exerted similar effects on AMPA-evoked responses of two other DSCT neurons. Table 3 summarizes the group mean spontaneous and EAA-evoked spike rate of seven DSCT neurons in absolute and relative terms for the state of W, AS, and RW in control and test SCs. The AS-specific suppression of spontaneous and EAA-evoked responses measured 21.3 and 66.4%, respectively and was abolished by BIC or STY (Table 3) 
These data, when taken together with the aforementioned studies (Maxwell et al., 1990; Walmsley and Nicol, 1991) , suggest that the AS-specific suppression of short-latency synaptic responses of DSCT neurons, evoked by low-intensity peripheral nerve stimulation (Soja et al., 1995 (Soja et al., , 2001c , is likely to be sensitive to BIC and STY.
DISCUSSION
The present study used chronic recording and microiontophoretic methodologies to assess the pharmacological sensitivity of DSCT neurons to inhibitory amino acid agonists and their antagonists across the sleep-wake cycle. The responsiveness of DSCT neurons to GABA and GLY, the effect of BIC and STY on ASspecific inhibition, the possible neural pathways for AS-specific inhibition, and functional consequences of state-dependent aberrant GABA and GLY control of DSCT neurons will be discussed.
Inhibition of DSCT neurons by GABA and glycine
Few comparable data exist whereby the actions of juxtacellularly applied inhibitory and excitatory agents have been examined on DSCT neurons in chronic animals devoid of confounding neural distortion caused by anesthetics, paralytics, and recent surgery. Nevertheless, GABA and GLY readily suppressed, whereas GLU and AMPA excited DSCT neuronal spike activity during wakefulness and quiet sleep states, indicating that these neurons are endowed with receptors for "fast" inhibitory and excitatory neurotransmitters as shown for other sensory tract neurons (Curtis et al., 1986; Walmsley, 1991; Carlton et al., 1992; Dougherty et al., 1992; Westlund et al., 1992; Maxwell et al., 1995) . The fact that BIC and STY, when administered during paradigm 2, reversibly and selectively blocked the well known inhibitory actions of locally applied GABA and GLY, respectively, further supports this notion (Curtis et al., 1968 (Curtis et al., , 1971 ; while also providing an effective means of quantifying that adequate amounts of antagonists were released to alter AS-specific suppression of DSCT neurons.
GABA and glycine involvement in AS-specific inhibition of ascending sensory transmission
The results of the present study not only confirm previous observations that DSCT neurons are subjected to suppressor influences affecting both spontaneous (Soja et al., 1996) and EAA-induced postsynaptic excitations of DSCT neurons (Soja et al., 2001b) during the behavioral state of AS but, more importantly, establish the reliability of AS-specific suppression from individual neurons across multiple sleep cycles. The latter is essential for pharmacological studies on the AS-specific suppression of these neurons. Moreover, the present data provide a fundamental addition to our current knowledge base on the mechanisms underlying the regulation of afferent information through the DSCT across the sleep-wake cycle. In particular, the spontaneous, GLU-or AMPA-evoked activity of only those DSCT cells that are suppressed during AS (Soja et al., 2001b) are subjected to neural inhibition that is sensitive to the GABA A receptor antagonist BIC and the GLY receptor antagonist STY. If disfacilitation accounted principally for this state-dependent suppression, then BIC or STY would not be expected to block the decrease in spike rate that occurs consistently from one AS episode to another. On the contrary, the magnitude of AS-related suppression of DSCT neuron spontaneous or EAA-induced spike activity was found to be substantially reduced in the second SC by either of the antagonists or abolished when both agents were released concurrently. The fact that recovery of AS-specific suppression was observed for each cell in the third SC indicates that BIC and STY actions were attributable to a reversible, pharmacological blockade of localized GABAergic and glycinergic synaptic inhibition during this state. Although disfacilitation of DSCT neurons may occur, our data suggest it plays only a minor role if any in the reduced spike activity of these cells during AS.
Our data also suggest that only the fast inhibitory neurotransmitters GABA and GLY are released onto DSCT neurons during AS. Although recent evidence suggests GABA B receptormediated inhibition exists in the spinal cord (Curtis and Lacey, 1998) , the present data indicate that the role of GABA B receptors in mediating the AS-specific suppression appears to be negligible.
GABA and GLY may be co-released from the same presynaptic terminals and act postsynaptically on the same target neuron, as inferred from evidence presented in other spinal cord studies (Chase et al., 1989; Rudomin et al., 1990; Jonas et al., 1998) . Hypothetical synaptic scenarios accounting for inhibition of transmission through DSCT during W and AS. Tonic control of DSCT neurons during W may be mediated by segmental GABA and GLY interneurons in the spinal cord via descending influences from bulbospinal pathways. During AS, reticulospinal influences may be engaged and impinge onto these or other interneurons to further enhance tonic inhibition. AS-specific supraspinal circuits may also increase the activity of tonic bulbospinal pathways. Aberrant GABA and GLY controls may result in "disinhibition" paraesthesias or dysesthesias (see Discussion).
Some of these terminals that corelease GABA and GLY may even form axo-axonic synapses with other afferent terminals (Maxwell and Riddell, 1999; Watson and Bazzaz, 2001 ). Our methodology and findings do not allow us to exclude these interesting possibilities but do indicate that the inhibition of DSCT neurons during AS is generated at synapses made with DSCT neurons at proximal and more distal dendritic sites (Chase et al., 1989; Soja et al., 1991; Pearson et al., 1995) .
Neural pathway of GABA-and GLY-mediated inhibition of DSCT neurons during AS
The neural circuitry underlying GABA-and GLY-mediated inhibition of DSCT neurons during AS is not known. One possibility (Figs. 1, 7) may be that the blockade by BIC and STY of AS-related suppression reflects the state-dependent release of neurotransmitter from long descending GABAergic or glycinergic reticulospinal projections (Holstege and Bongers, 1991; Antal et al., 1996) . Another possibility is that local segmental interneuron populations (Hongo et al., 1983; Jimenez et al., 1984; Solodkin et al., 1984; Rudomin et al., 1990; Kishikawa et al., 1995; Manjarrez et al., 2000; Takakusaki et al., 2001 ) could mediate GABAergic and glycinergic inhibition of DSCT neurons during AS. Presynaptic inhibition may operate in Clarke's column during AS via axo-axonic synapses (Maxwell and Riddell, 1999; Watson and Bazzaz, 2001) , as well as GABA-mediated primary afferent depolarization, an index of presynaptic inhibition (Jankowska and Padel, 1984; Curtis et al., 1986; Walmsley et al., 1987) . However, scant information exists in the literature regarding interneuron activity during AS (Kishikawa et al., 1995) and virtually nothing is known regarding the discharge patterns of identified last order inhibitory interneurons (Rudomin et al., 1990) during naturally occurring AS. Hence, future studies are needed to systematically investigate each of these possibilities.
GABA and GLY also postsynaptically inhibit spinal cord neurons via an increase in chloride conductance (Curtis et al., 1968; Barker and McBurney, 1979) . GLY per se has also been identified as the neurotransmitter underlying the postsynaptic inhibition of lumbar motoneurons and the consequential atonia during naturally occurring AS (Chase et al., 1989; Soja et al., 1991) . Hence, DSCT neurons are distinct from motoneurons in that both GABA and GLY appear to inhibit sensory tract neurons via presynaptic and/or postsynaptic processes (Figs. 1, 7) . This, in turn, would dramatically attenuate sensory input to higher brain centers, including that which can be recruited by high-threshold muscle or flexor reflex afferents (Carli et al., 1967; Bosco and Poppele, 2001 ).
Given our current functional understanding of the DSCT (Mann, 1973; Walmsley, 1991; Bosco and Poppele, 2001) , together with our findings reported here, the significance of the suppression of sensory information through this ascending pathway during AS becomes substantial especially when one considers possible pathological consequences. Perhaps, under normal circumstances, dampening of ascending prethalamic sensory transmission via Clarke's column DSCT and other neural pathways (Soja et al., 2001a) , in concert with abolition of motor outflow, may be required to permit and/or maintain the integrity of AS (Chase and Morales, 1990; Soja et al., 1999) . Our findings reported here indicate that GABA and GLY play a prominent role in this phenomenon and warrant further studies that are designed to identify the neural pathway underlying the inhibition of DSCT neurons during naturally occurring AS.
Functional consequences of inadequate GABA-and glycine-mediated inhibition of sensory transmission during wakefulness and active sleep BIC and STY markedly enhanced the spontaneous as well as EAA-induced responses of DSCT neurons during wakefulness. The effects of BIC, for example, might be attributed to a blockade of small ion conductances that would enhance DSCT neuron excitability, leading to burst firing that is independent of a blockade of GABA A receptors (Debarbieux et al., 1998) . Whereas BIC may exert actions on intrinsic properties of DSCT neurons, it is difficult to address this issue with BIC because it is not known if such intrinsic properties are present in these cells in vivo. Alternatively, a more plausible explanation for the increased firing rate during wakefulness may be the presence of tonic GABAergic and glycinergic inhibition that is unmasked by BIC and STY. This tonic inhibition may be part of those bulbospinal pathways controlling ascending sensory tract neurons (Holmqvist et al., 1960) , and may likely contribute to mechanisms underlying abnormal clinical or preclinical repertoires of "disinhibition" allodynia (Yaksh, 1989; Sivilotti and Woolf, 1994; Sherman and Loomis, 1996; Khandwala and Loomis, 1998) .
Commonly occurring sleep disorders with a possible link to abnormal GABA and GLY inhibition are restless legs syndrome (RLS) and the associated periodic limb movement disorder (PLM). RLS patients experience an imperative desire to move their lower legs because of paraesthesias or dysesthesias, which occurs at rest. These sensations inevitably worsen sleep architecture because associated PLMs persist throughout AS (Adler, 1997; Bucher et al., 1997; Hening, 1999; Glasauer, 2001) .
The DSCT may indeed represent one possible ascending sensory pathway conveying abnormal sensory inputs to higher centers in RLS-PLM patients (Adler, 1997; Bucher et al., 1997; Hening, 1999) . Patients with debilitating RLS-PLM are managed with dopaminergic drugs or gabapentin and benzodiazepines (Adler, 1997; Bucher et al., 1997; Hening, 1999; Glasauer, 2001) . Taken together, the pathophysiology of RLS per se might arise from an intermittent loss of tonic GABAergic and glycinergic inhibitory controls (Wall, 1995; Lin et al., 1996; Sorkin et al., 1998) impinging on these and other ascending lumbar sensory neurons (Edgley and Jankowska, 1988; Huber et al., 1994; Schomburg et al., 2000; Soja et al., 2001b) .
Under normal conditions, neural pathways projecting centripetally from as yet unidentified descending tracts (Figs. 1, 7 ) appear to engage during AS which, in turn, directly or indirectly inhibit DSCT neurons and/or upregulate tonic inhibitory controls emanating from higher brain centers (Fig. 7) . Abnormal staterelated paresthesias associated with RLS, or increased sensations associated with sleep deprivation (Onen et al., 2000 (Onen et al., , 2001 ) may arise when behavioral state selective control systems involving GABA and GLY fail. Such scenarios might occur in isolation or in concert with other well defined mechanisms for neuronal plasticity in ascending sensory pathways (Woolf and Salter, 2000) .
The results of the present study suggest that during quiet wakefulness, DSCT neurons are subjected to dynamic, GABAergic, and glycinergic inhibition. Tonic inhibitory controls during wakefulness are further enhanced during AS. These data provide a foundation for studies designed to investigate the last order interneurons as well as the extent and magnitude of presynaptic and postsynaptic processes involved in the state-dependent control of prethalamic ascending sensory information conveyed by Clarke's column and other lumbar sensory pathways (Edgley and Jankowska, 1988; Schomburg et al., 2000; Soja et al., 2001a) .
